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Ni0.8Fe0.2 (Py) and Py alloyed with Cu exhibit intriguing ultrafast demagnetization behavior,
where the Ni magnetic moment shows a delayed response relative to the Fe, an effect which is
strongly enhanced by Cu alloying. We have studied a broad range of Cu concentrations to elucidate
the effects of Cu alloying in Py. The orbital/spin magnetic moment ratios are largely unaffected by
Cu alloying, signifying that Cu-induced changes in the ultrafast demagnetization are not related to
spin-orbit interactions. We show that magnon diffusion can explain the delayed Ni response, which
we attribute to an enhanced magnon generation rate in the Fe sublattice relative to the Ni sublattice.
Furthermore, Py exhibits prominent RKKY-like exchange interactions, which are strongly enhanced
between Fe atoms and diminished between Ni atoms by Cu alloying. An increased Fe magnon
scattering rate is expected to occur concurrently with this increased Fe-Fe exchange interaction,
supporting the results obtained from the magnon diffusion model.
I. INTRODUCTION
The results of ultrafast demagnetization remains chal-
lenging to fully understand, especially from a theoret-
ical standpoint, where non-equilibrium conditions and
complex interactions between electronic spins, phonons
and magnons need to be considered. Even for simple
metal multilayer stacks, the contributions from Elliot-
Yafet spin flips[1, 2] and superdiffusive spin currents[3]
to the demagnetization are difficult to determine. Fur-
thermore, mechanisms such as magnon generation[4] and
feedback effects[5] may also play an important role. Dur-
ing demagnetization, a large number of electrons near
the Fermi level are excited, and it has been shown
that low energy electrons in Fe scatter strongly with
magnons[6]. This is in accordance with experimental
findings[7–10] and theoretical studies that show ultra-
fast magnon generation dominating over phonon medi-
ated spin-flip scattering[4] in Fe. Ultrafast magnon gen-
eration is also expected in Ni[4]. However, the demag-
netization of Ni is also accompanied by a decrease in
exchange spitting[11, 12], which is a signature of Stoner-
like excitations. Increasing evidence suggests that Co,
like Fe, demagnetizes primarily through ultrafast magnon
generation[13–15]. During demagnetization, excited elec-
trons generate magnons through exchange scattering,
meaning that an uncorrelated minority electron scatters
into the majority band when a (correlated) magnon is
generated, leaving the net magnetization unchanged[4].
Hence, magnon generation is necessarily a secondary ef-
fect, concurrent with a demagnetizing process such as
Elliot-Yafet spin-flip scattering or superdiffusive spin cur-
rents. This undetermined demagnetization process will
here be denoted itinerant spin-flip, to distinguish it from
magnons that are associated with localized magnetic mo-
ments. For elemental materials (non-alloyed) the subse-
quent magnon dynamics are irrelevant during demagne-
tization, since the magnon has equal probability to be
found at any lattice site at all times. However, for alloys,
it is only when the alloying elements are indistinguish-
able, such as in the rigid band model, that an identical
magnon probability for all lattice sites can be ensured,
which is not the case for transition metal alloys[16]. Ul-
trafast magnetization dynamics between elements in an
alloy has been modeled by Schellekens et al.[17] and
Hinzke et al.[18], but neither study takes into account the
fundamental magnon excitation and its time evolution.
Due to the significantly different propensity for magnon
generation between Fe and Ni[4], it can be expected that
Fe-Ni alloys should be ideal for studying the effect of
inhomogeneous magnon scattering during demagnetiza-
tion. We will show that a direct consequence of this
phenomena was observed by Mathias et al.[19] when de-
magnetizing Permalloy Ni0.8Fe0.2 (Py), which has been
reproduced by others[20, 21]. It was found that Ni ex-
hibits an 18 fs delay in its demagnetization relative to
Fe. Furthermore, they found that by alloying with 40%
Cu the delay increased to 76 fs. They related the de-
layed response of Ni to the average exchange interaction
of the alloy. However, the microscopic mechanism was
undetermined.
To understand the significantly increased delay of Ni
in Py0.6Cu0.4, it is necessary to study how Cu alloying af-
fects the magnetic properties of Py. We present a study
on a series of (Ni0.8Fe0.2)1−xCux (i.e. Py1−xCux) al-
loys, to determine the effect of Cu alloying on the mag-
netization and exchange interactions. Using X-ray mag-
netic circular dichroism (XMCD), we show that the or-
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2bital/spin ratio is only marginally affected by Cu alloy-
ing, eliminating the possibility for spin-orbit related ef-
fects as the cause for the increased delay in Py0.6Cu0.4.
The Ni spin magnetic moment is found, using XMCD
and ab-inito calculations, to decrease significantly with
Cu alloying while Fe remains largely unaffected. This
is concurrent with a significantly decreasing RKKY-like
exchange interaction between Ni atoms, however, the
RKKY-like exchange interaction is found to strongly in-
crease between Fe atoms. Using a magnon diffusion
model (MDM) we show that the remagnetization time of
Fe, Ni and Py correspond well to what can be expected
from Gilbert damping of magnons. It is found that the
delayed demagnetization of Ni relative to Fe in Py1−xCux
is well described by an enhanced magnon generation rate
at Fe sites relative to Ni sites. Furthermore, the model
indicates that this asymmetry in magnon generation rate
is increased by Cu alloying. This is well correlated to the
increased RKKY-like exchange interaction that should
result in an increased magnon scattering rate in the Fe
sublattice.
II. ELEMENTAL MAGNETIZATION
Element-selective spin and orbital magnetic moments
are here studied by x-ray magnetic circular dichroism
(XMCD) and ab-initio calculations to determine how Cu
alloying affects the magnetic and electronic properties in
a series of Py1−xCux alloys. The spin and orbital mag-
netic moments are given by the XMCD sum rules[22] and
are proportional to the number of 3d-holes (Nh),
ms =− ∆L3 − 2∆L2
r
·Nh
ml =− 2
3
∆L3 + ∆L2
r
·Nh
(1)
The parameter r is the total integrated intensity of the
absorption edge (averaged over both magnetization di-
rections) after subtracting a background (gray are in Fig
1a, inset). The position of the steps in the background
were taken at the energies corresponding to the peak ab-
sorption of the L3 and L2 edges with a step height ratio
of 2:1. ∆Ln (n = 2, 3) are the integrated absorption dif-
ferences between M+ and M- spectra at the Ln absorp-
tion edges, as illustrated in Fig. 1a inset. The magnetic
dipole term can safely be ignored since the sample is thick
enough to make any interface effects negligible[23]. The
spin moments of Ni and Fe obtained from XMCD and ab-
initio calculations are presented in Fig. 1a and b, respec-
tively, for different Cu concentrations. The 0 K ab-initio
spin moments are shown as black dashed/circles. The
dashed line/triangles correspond to ab-initio values after
correcting for a reduced magnetization at room temper-
ature. The room temperature (RT) correction was ob-
tained from SQUID magnetometry, where we measured
the ratio in total magnetization between 300 K and 10
K. This temperature correction is strictly valid only if Fe
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FIG. 1. (Color online) Spin magnetic moment of Ni (a) and Fe
(b) as a function of Cu concentration. The theoretical (black
dashed) Ni moment in (a) decreases continuously with Cu
concentration while the Fe moment in (b) remains constant.
Inset in (a) shows the absorption and XMCD of Ni in Py to
illustrate the parameters used in Eq. 1.
and Ni have equivalent temperature dependence, which
has been shown to be the case for Py0.6Cu0.4 (see SI in
Ref. [19]). To extract the XMCD spin moments, we used
the number of holes in Eq. 1 as a fitting parameter to
equate the spin magnetic moment from XMCD and the
ab-initio calculations at RT for Permalloy (Py, 0% Cu),
giving 3.41 holes for Fe and 1.28 holes for Ni in Py, which
are slightly lower than the ab-initio values of 3.47 holes
for Fe and 1.40 holes for Ni.
Our ab-initio spin moments for Py are consistent with
values reported by neutron scattering [24], where the
magnetic moment for Ni is similar to the pure element
(∼ 0.6µB) but the magnetic moment of Fe is enhanced
by approximately 20% relative to that of pure bcc Fe.
The theoretical 0 K Ni spin moment in Fig. 1a exhibit
a roughly linear decrease with increasing Cu concentra-
tion, but remains non-zero even up to 90% Cu. The
RT XMCD Ni moment shows values that are somewhat
higher than what is obtained from RT-corrected ab-initio
values. Surprisingly, for the Fe spin moment shown in
Fig. 1b, theory suggests an almost constant value that
persists all the way to 100% Cu at T = 0 K. The RT
XMCD measurements follow closely the RT-corrected ab-
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FIG. 2. (Color online) The ratios between the orbital and
spin moments for Fe and Ni in Py1−xCux as a function of Cu
concentration. The ratio remains constant for low concentra-
tions of Cu alloying. At high Cu concentrations (> 40%) the
ratio increases for Ni.
initio values, supporting the 0 K ab-initio result that the
local Fe magnetic moment is virtually unaffected by Cu
alloying.
The orbital moment has a very similar dependence on
Cu concentration as the spin magnetic moment. To iden-
tify any Cu concentration dependent trends in the orbital
moment, we studied the orbital/spin ratio, shown in Fig.
2. Unlike the spin and orbital moment by themselves,
the ml/ms ratio is independent of the number of 3d-
holes, as apparent from Eq. 1. The values are slightly
higher than what has been measured in other studies
for bcc Fe (0.043)[22], fcc Ni (0.11)[25] and fcc Py (Ni:
0.10, Fe: 0.04)[26]. The ratio for both Fe and Ni remains
almost constant through a wide range of Cu concentra-
tions. However, there appears to be an increase in the
ratio for Ni at high Cu concentrations which can be re-
lated to the narrowing of occupied Ni d-states as a conse-
quence of the decreased Ni d-d overlap. See inset in Fig.
2.
III. EXCHANGE INTERACTIONS
The magnon generation rate is proportional to the
square of the exchange interaction between free and local-
ized magnetic moments (Jsd)
2 (see Methods). An easily
accessible method to determine changes in Jsd is to in-
vestigate the amplitude of RKKY-like exchange interac-
tions which are also proportional to (Jsd)
2. It has been
found that the exchange interaction in 3d-elements ex-
hibits an RKKY-like interaction[27], which for Fe has
been related specifically to t2g levels[28]. RKKY-like
exchange interactions are found in Py1−xCux alloys, as
presented in Fig. 3, which shows JR3 along the (110)
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FIG. 3. (Color online) a) Exchange interaction scaled with R3
between Fe-Fe, Fe-Ni and Ni-Ni atoms in Py. Dashed lines are
fits to a damped harmonic oscillation. b) Exchange interac-
tions for Py0.4Cu0.6. Inset: Fitted amplitudes of the oscilla-
tions for different Cu concentrations for Ni-Ni (blue squares)
and Fe-Fe (red circles).
direction, where J is the exchange interaction and R is
the inter-atomic distance. The data has been fitted with
JR3 = A ·sin(k ·R+θ)e(−R/l), where A is the amplitude
of the oscillation, k is the wave number, θ is the phase and
l is the decay length of the interaction[27]. Fig. 3a shows
the exchange interaction between Fe-Fe, Ni-Ni and Fe-Ni
in Py. The interaction is damped with l ≈ 1.8 nm for all
elements in Py. The amplitude is about an order of mag-
nitude higher between Fe atoms than between Ni atoms
in Py, as can be seen in the inset of Fig. 3b. Alloying
with 60% Cu decreases the decay length to l ≈ 1.0 nm,
while the amplitude of the RKKY interaction between
Fe atoms increases by a factor 3 and the Ni-Ni interac-
tion decreases, which is consistent with a decreasing Ni
magnetic moment. The wave number k obtained from
the fits are 5.4, 4.9, and 3.0 nm−1 between all elements
in Py, Py0.8Cu0.2 and Py0.4Cu0.6, respectively.
Experimentally, it has been shown that Fe-Cu alloys
can indeed exhibit spin-glass behavior[29], which is in-
dicative of such RKKY-like exchange interactions[30].
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FIG. 4. (Color online) Ultrafast remagnetization of bcc Fe
(triangles), fcc Ni (squares) and fcc Py (circles). Solid lines
are fits using the magnon diffusion model. For Py, both Fe
(hollow circles) and Ni (solid circles) asymmetries are pre-
sented, while the fit corresponds to the average magnetization.
The inset shows the magnon k-distribution after various time
delays in Py.
IV. REMAGNETIZATION
If the electron system has thermalized and cooled
down, the remagnetization should depend on the magnon
damping of the system. Several theoretical studies on
ultrafast demagnetization attempt to relate the demag-
netization to the Gilbert damping parameter[18, 31–33].
Here we instead focus on the remagnetization of three
samples, Fe, Ni and Py as shown in Fig. 4. The de-
magnetization times are relatively similar for all three
samples (see Table I), while the remagnetization varies
strongly. The solid lines corresponds to fits obtained
from MDM and where the fitting parameters are the on-
set of demagnetization, demagnetization amount, demag-
netization time, remagnetization amount and the Gilbert
damping. The MDM is described in the methods section.
The demagnetization is modelled by a single exponential
that generates magnons with a distribution of wavenum-
bers (k0) presented in the inset of Fig. 4, for various time
delays in Py. At long timescales (1 ns) the magnon distri-
bution resembles a Bose-Einstein distribution. However,
at short time scales, the high-k magnons with shorter
lifetimes dominate. Here we use the distributions ob-
tained at 400 fs, which is approximately when the remag-
netization becomes apparent. The electron temperature
is unknown and expected to be strongly varying during
the first picosecond, however, we have used a constant
value of 700 K for all cases which can be considered a
reasonable average value during the demagnetization.[11]
The magnons that are generated during demagnetization
are subject to Gilbert damping with a time constant of
τdamp =
1
2αG·ω(k) , where αG is the Gilbert damping pa-
rameter and ω is magnon angular frequency. The fitted
values of αG for Fe and Py are 2.4 · 10−3 and 3.9 · 10−3,
respectively. These values compare well with values ob-
tained from FMR[34] of 2.5 ·10−3 for Fe and 5.0 ·10−3 for
Py. See Table I for all fitting parameters. The Ni does
not converge within reasonable value of the fitting param-
eters, likely due to the similar timescales of demagnetiza-
tion and remagnetization, therefore the Gilbert damping
parameter was fixed at 2.4 · 10−2 as given in Ref. [34].
The strong correlation between MDM and FMR values
supports the notion that magnons are generated on ul-
trafast timescales, but remagnetization is moderated by
conventional Gilbert damping. This naturally raises the
question why magnon emission during demagnetization
is so much faster than the magnon absorption during re-
magnetization. Fast magnon generation results from the
interband transition of itinerant spins, where a minority
electron scatters into the majority band, when a magnon
is created, effectively conserving the total magnetization,
i.e., Landau scattering[35]. Therefore the demagnetiza-
tion is still ultimately limited by the itinerant spin-flip
rate. However, the net flow of angular momentum to
the lattice can be enhanced by the continuous transfer of
minority electrons to the majority band by fast magnon
generation[4]. It was shown by Carva et al.[1] that the
EY-spin-flip rate can be orders of magnitude faster for
an optically generated far-from-equilibrium electron dis-
tribution, as compared to the case of thermalized low
temperature distribution. The electron temperature is
expected to approach the lattice temperature within ap-
proximately 1 ps[7, 11]. It is therefore possible for the
magnon decay rate induced by the Gilbert damping to
completely dominate over the EY-spin-flip rate during
the remagnetization process.
V. SIMULATION OF INHOMOGENEOUS
MAGNON SCATTERING IN ALLOYS
In the above section there was no distinction between
different lattice sites. Here we generate a 1D lattice of
a random alloy where the Fe and Ni sites have different
propensity for magnon generation. The main objective is
to determine if ultrafast and efficient magnon generation
in the Fe sublattice can explain the delayed demagneti-
zation of the Ni sublattice. Details of the MDM are de-
scribed in the Methods section. A 1D lattice with 1024
atoms is generated and every atom is randomly assigned
as Fe and Ni with a probability corresponding to the con-
centration of each element. The parameter p is used for
describing the ratio in the probability of finding a magnon
at an Fe site relative to a Ni site due to the difference in
exchange scattering (p ∼ (JsdFe
JsdNi
)2, see Methods).
Fig. 5a shows the elementally resolved asymmetry of
Py during demagnetization. As found by Mathias et
al.[19], the Fe (red circles) appears to have a faster de-
magnetization response at t = 0 than Ni. The experimen-
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FIG. 5. (Color online) a) Demagnetization of Py. Fe (red, cir-
cle) demagnetizes before Ni (blue, square). Fit with magnon
diffusion model (solid lines). Inset: Fitted values of the spin
wave stiffness for various values of the parameter p. b) De-
magnetization of Py0.6Cu0.4 adopted from Mathias et al.[19].
Fits are with two different values of Fe scattering probability,
p=19 (solid lines) and p=4 (dashed lines).
tal data has been fitted using the diffusion model with
p = 4 (solid lines) and a preferential weighting between
−40 < t < 100 fs, to ensure that the delayed response
of Ni relative to Fe is properly captured. The extracted
values of the spin-wave stiffness (D) for various values
of the parameter p is plotted in the inset. The general
trend is that p increases if D increases. This is due to in-
creased dispersion when D increases which decreases the
delay between Fe and Ni, this effect is compensated by
an increased p. The horizontal dashed line corresponds
to the experimentally determined value of the spin-wave
stiffness (∼300 meVA˚2) obtained from neutron scatter-
ing [36]. The fit that is nearest to D = 300 meVA˚2
is obtained for p = 4 which provides a spin-wave stiff-
ness (D) of 267 ± 21 meVA˚2. This would indicate that
the s-d exchange interaction is a factor ∼2 higher for Fe
compared to Ni in Py. In Fig. 5b we show experimen-
tal data adopted from Ref. [19] for demagnetization of
Py0.6Cu0.4. Unlike Py, the Py0.6Cu0.4 shows a wide time
interval ∼ 100 fs, where Fe demagnetizes but Ni does
not (see yellow shaded region). Fits using p = 4 (dashed
lines) gives a value of D = 39 ± 2 meVA˚2 for the ex-
change stiffness. The exchange energy, and hence the
also the spin wave stiffness, is expected to be 3.3 times
less[19] in Py0.6Cu0.4 compared to Py (∼ 300/3.3 ≈ 91
meVA˚2) which is higher than the D value obtained when
p = 4. The solid lines corresponds to fits with p = 19
that gives D = 91 ± 7 meVA˚2, which is the expected
value. This would indicate that the s-d exchange inter-
action is a factor ∼4 higher in Fe compared to Ni in
Py0.6Cu0.4, which is a factor ∼2 higher ratio than for
Py and is consistent with the increase in RKKY-like ex-
change interactions with Cu alloying. The damping is
expected to be about 3 times higher in Py0.6Cu0.4 than
Py[19], hence we have used a fixed value of αG = 0.01.
See Table I for all fitting parameters.
VI. DISCUSSION
The large delay of Ni demagnetization in Py0.6Cu0.4,
as shown in Fig. 5b, could in principle be explained
by a vanishing spin-flip probability in the Ni sublattice.
Schellekens and Koopmans[17] showed that a factor 4
smaller spin-flip probability in Ni compared to Fe could
explain the demagnetization in Py. However, using that
model to describe Py0.6Cu0.4 demagnetization would give
unreasonably small values of the Ni spin-flip probabil-
ity approaching zero. It follows, if the spin flip prob-
ability is kept within reasonable values, that fast an-
gular momentum transfer between the Ni and Fe sub-
lattices is required in order to explain the experimental
data. Theoretically it has been shown by Haag, Illg and
Fa¨hnle[4, 37, 38] that ultrafast magnon generation is very
efficient in elemental Fe, while it is an order of magnitude
slower in Ni. Furthermore, this process is potentially
more efficient than the electron-phonon spin-flip scatter-
ing process. It was also suggested that magnon scat-
tering can result in enhanced electron-phonon scatter-
ing rates, bridging the gap between the low theoretically
calculated EY spin flip probability and experimental de-
magnetization rates. Experimentally there are several
indirect measurements indicating the existence of ultra-
fast magnon generation during demagnetization[7, 8, 13].
This suggests that a qualitatively accurate description
of ultrafast demagnetization should include the effect of
electron-magnon scattering.
We propose that a large difference in the magnon scat-
tering efficiency between the Fe and Ni sublattices could
explain the anomalous demagnetization in both Py and
Py0.6Cu0.4. The demagnetization process is illustrated
in Fig. 6, where the angular momentum is transferd
from the spin system through an itinerant spin-flip pro-
cess that drives the demagnetization. At the same time,
there is efficient magnon generation in the Fe sublattice.
Magnon generation does not change the total magnetiza-
tion since a minority spin is flipped concurrently, so effec-
tively the magnon generation will increase the demagne-
6FIG. 6. (Color online) Illustration of magnon generation and
spin flip processes during demagnetization. Itinerant spin-
flips transfer angular momentum from the spin system which
drives the demagnetization. An efficient magnon scattering
(emission) in the Fe sublattice is effectively transferring an-
gular momentum between delocalized magnetic moments to
localized Fe moments, enhancing the demagnetization of Fe
and subsequently diminishing the demagnetization of Ni. Re-
magnetization is determined by the Gilbert damping.
tization of the Fe sublattice on the expense of a decreased
demagnetization in the Ni sublattice. The magnons will
decay on much longer time scales, corresponding to the
Gilbert damping, which defines the behavior of the re-
magnetization. We have shown that the remagnetization
of Fe, Ni and Py is well described by their respective
Gilbert damping parameters. In section VI, we model
the diffusion of magnons that are preferentially gener-
ated in the Fe sublattice. We find that the fitted values
of the spin-wave stiffness agree well with known experi-
mental values. For Py0.6Cu0.4 we find that a substantial
increase of the magnon generation efficiency in the Fe
sublattice, compared to Py, is necessary for fitting to rea-
sonable values of the spin-wave stiffness. This correlates
to a strongly enhanced RKKY-like exchange interaction
in the Fe sublattice when Py is alloyed with Cu. Fu-
ture ab-initio calculations, where the magnon generation
has been implemented in a framework for alloys, should
be able to substantiate the assumption of preferential
magnon scattering in the Fe sublattice of Py.
We note that it is a common misconception that re-
sults by Eschenlohr[39] and Radu et al. [40] contradict
the findings of a delayed Ni response in Py. However,
as explicitly explained in Ref. [39], a large inherent un-
certainty in the determination of the pump-pulse arrival
time was handled by shifting the Fe and Ni data sets to
eliminate any time-delay between Fe and Ni, and hence
the above-mentioned effect could not be addressed by
those measurements.
The magnon diffusion model has been corroborated by
a systematic study of demagnetization in a concentration
series of FexNi1−x alloys by S. Jana et al.[41].
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VIII. METHODS
A. X-ray magnetic circular dichroism
The XMCD measurements were performed at beam-
line U4B at the National Synchrotron Light Source at
Brookhaven National Laboratory in (Upton, NY), us-
ing 70% circularly polarized light at normal incidence
to the samples. The samples were saturated out-of-plane
(OOP) using a magnetic field of 1.5 T. The magnetic
contrast was obtained by switching the OOP magnetic
field, where the corresponding spectra are referred to
as M+ and M−. The measurements were performed in
transmission. Unlike total electron yield (TEY) measure-
ments, which are more commonly used, the transmission
geometry is insensitive to externally applied fields and
is not affected by saturation effects which can affect the
derived magnetic moments[42]. Also, transmission mea-
surements provide a much more reliable method for com-
paring the absorption coefficient between different sam-
ples, as they are insensitive to sample dependent electron
escape depth and generation of secondary electrons[42].
A reference sample without the Cu-Py layer was used to
correct for the absorption from the Si3N4 and Ta layers.
The provided uncertainties correspond to the standard
deviation and are derived by estimating the variance in
the difference and sum signal of the M+ and M− spec-
tra. Also, an estimated uncertainty in the fitting of the
step function was included in the total variance. The
accuracy of the film thickness and Cu concentration will
7TABLE I. Parameters from the fittings in Figs. 4 and 6. The
superscript f indicates a fixed parameter. τdis is the time
at which the magnon k0 distribution is obtained (ps), p is
the probability of magnon generation in the Fe lattice, D is
the spin-wave stiffness (meVA˚2), αG is the Gilbert damping
parameter, τdem is the demagnetization time (ps), Aend is the
fraction of magnons that become damped, and Mend is the
amount of demagnetization.
Sample τdis p D αG(10
−3) τdem Aend Mend
Fe 0.4f - 270f 2.4 0.200 0.35 0.20
Ni 0.4f - 400f 24f 0.176 0.95 0.69
Py 0.4f 1f 320f 3.9 0.237 0.67 0.51
0.1f 4f 267 3.1 0.233 0.66 0.50
Py60Cu40 0.1
f 4f 39 10f 0.328 0.33f 0.84
0.1f 19f 91 10f 0.333 0.33f 0.88
Std dev. - - ±8% ±6% ±2% ±2% ±2%
affect the analysis of the total absorption cross-section,
and was estimated to have a standard deviation of 3%,
as determined from x-ray reflectivity measurements. For
the XMCD study, thin films of 20 nm (Fe0.2Ni0.8)1−xCux,
with 0 < x < 0.55 were grown on 3 nm Ta seed layers
by magneton sputtering on Si3N4 substrates. The sam-
ples were capped by 3 nm Ta to prevent oxidation. Two
sample sets, S1 and S2, were grown at two different oc-
casions in the same sputtering system. The results from
both sample sets were practically identical, confirming
the repeatability of our procedure. Here we present the
averaged data of the two samples sets. Our samples were
grown in the same sputtering system and with the same
growth parameters as for the samples studied by Math-
ias et al.[19] (see their supporting information for sample
characterization).
B. Ultrafast demagnetization
Ultrafast demagnetization of Py was measured at
the high harmonic generation source HELIOS using the
transverse magneto-optical Kerr effect (T-MOKE); see
Ref.[20] for specifications of this source. The sam-
ple geometry used for ultrafast demagnetization was Si-
substrate/Ta(2 nm)/X(20 nm)/Ta(2 nm), where X is Py,
Fe or Ni. The pump fluence for Py, Ni and Fe were 1.4
mJ/cm2, 1.8 mJ/ cm2, and Fe 7.2 mJ/cm2 respectively.
The presented Py0.6Cu0.4 data are adopted from Ref.[19]
where a similar source was used. Table I shows the pa-
rameters and values obtained from fitting the experimen-
tal data. The error margin is the standard deviation for
5 simulations with different random positions for Fe and
Ni atoms.
C. Ab-initio calculations
Ab-initio calculations were performed using the
spin-polarized relativistic Korringa-Kohn-Rostoker
method in combination with the coherent potential
approximation[43, 44]. To investigate the effect of the
exchange-correlation functionals, we used several differ-
ent implementations of the local density approximation
and generalized gradient approximation. We found
no significant dependence on the exchange-correlation
functional for the quantitative values. Hence, we
present only the values obtained from a full potential
spin-polarized scalar relativistic calculation with the
Perdew-Burke-Ernzerhof functional[45] for exchange
correlations. The magnetic exchange integrals were
calculated within the LKAG-formalism [46]. The s, p,
d and f orbitals were included in the basis set. For
accuracy of the exchange integral calculations, 20000
k-points were generated in the irreducible wedge of the
Brillouin zone.
D. 1D Magnon diffusion model
The proposed model is constructed for investigating
if a non-homogeneous distribution of exchange interac-
tion between free and localized spins (Jsd) can describe
the delayed demagnetization of Ni relative to Fe in Py
and Py-Cu. Here we assume an identical magnetic mo-
ment and inter-atomic exchange interaction between all
atoms, i.e. the only property distinguishing Fe and Ni
atoms is Jsd. In this model the Jsd exchange interac-
tion will preferentially generate magnons in the Fe sub-
lattice that will diffuse and demagnetize Ni, resulting in
a delayed Ni demagnetization relative to Fe. First we
will show that the magnon amplitude generated by this
spatially dependent exchange interaction is described by
u(Rj , k0) = I(Rj)
1/2 · ei(k0·Rj), where Rj is the atomic
position and k0 is the momentum transferred from the
electronic to the spin system. If the amplitude I(Rj)
would be constant, then this describes a state with a
well defined momentum k0. However, when I(Rj) is spa-
tially varying, then u(Rj , k0) can be described as a su-
perposition of states with a distribution of momentum
ranging through the whole Brillouin zone. Importantly,
even though u(Rj , k0) is described by a superposition of
all possible momentum, the main intensity contribution
is at k0 (e.g. ∼ 90% for parameters used in the opti-
mal fit for Py). This means that the momentum will
be relatively well defined and hence the distribution of
u(Rj , k0), with regards to k0, is given by a Bose-Einstein
(BE) distribution (including a factor that incorporates
the effect of the short time scales involved). The initial
state is at this point fully known and described by the
spatial distribution of Jsd, giving I(Rj), and the BE dis-
tribution giving k0. The time evolution of u(Rj , k0) will
be obtained by evolving each momentum component sep-
arately according to the dispersion relation for magnons,
and be subjected to a Gilbert damping. The time evo-
lution will therefore be defined by the exchange stiffness
and the Gilbert damping parameter. The spatial distri-
bution of u(Rj , k0, tn) will now describe how the Fe sub-
lattice and Ni sublattice are affected at time tn. The to-
8tal demagnetization at time tn is described by the sum of
all excitations |u(Rj , k0, tn)|2 generated at different times
and with different k0, e.g. excitations at different times
or with different k0 are assumed to be incoherent. The
number of excitations at each specific time is described
by an exponentially decaying rate which is obtained by
fitting this model to experimental data.
The spatial distribution of the magnon amplitude is
determined by the Hamiltonian H = H0 + H1, where
H0 = −2
∑
i<j JijSi · Sj is the exchange interaction be-
tween atomic sites i and j, and H1 = −2
∑
j Jjs ·Sj is the
exchange interaction between free (s) and localized (Sj)
spins. H1 is the only term that provides a source for
angular momentum to the localized moments and will
be treated separately from H0. The magnitude of the
local magnetic moment (|Sj |) will be treated as equal
for all lattice sites. Following Ref. [47], but including a
site dependent exchange interaction, H1 can be expressed
as H1(k0) =
−2
N s
∑
j J
sd
j e
ik0·RjSj , where N is the num-
ber of atoms, Rj is the position of atom j and J
sd
j is
the atomic s-d exchange interaction. The site dependent
phase factor follows from the Block wave description of
free electrons, which is here assumed to be valid in al-
loys and k0 is the momentum transfer from the scattered
electron to the the magnon system. Expanding s ·Sj and
using Sx =
S++S−
2 , Sy =
S+−S−
2i , where S
+ and S− are
creation and annihilation operators, we have H1(k0) =−1
N
∑
j J
sd
j e
ik0·Rj (s−S+j + s
+S−j + 2s
zSzj ). Even though
the third term provide a momentum relaxation path for
magnons, it does not involve angular momentum transfer
between the free and localized spins[47] and will hence
be ignored (momentum relaxation is partly accounted
for by using a Bose-Einstein distribution described be-
low). Using the Holstein and Primakoff transformation
and assuming small spin wave amplitudes, we have S+j ≈
(2S)1/2a−j , S
−
j ≈ (2S)1/2a+j , where a+j and a−j are the
magnon creation and annihilation operators. We there-
fore haveH1(k0) =
−(2S)1/2
N
∑
j J
sd
j e
ik0·Rj (s−a−j +s
+a+j ).
Following Ref. [48], the wave function can be expressed
in the basis of Glauber coherent states corresponding
to eigenstates of the annihilation operator a−j |U〉 =
u(Rj) |U〉, where u(Rj) is the coherent amplitude of the
annihilation operator at site j for the magnon state |U〉.
The equation of motion is given by i~da
−
j
dt = [a
−
j , H1(k0)],
and since [a−m, a
−
n ] = 0 and [a
−
m, a
+
n ] = δmn, we have
da−j
dt =
i(2S)1/2s+
~N ·Jsdj eik0·Rj , giving a−j = C(t)Jsdj eik0·Rj .
The prefactor is site independent and given by C(t) =
i(2S)1/2s+
~N · t. The site dependent coherent amplitude is
then given by u(Rj , k0) = 〈U | a−j |U〉 = C(t)Jsdj eik0·Rj .
Due to the exclusion of the H0 term there is no dispersion
in this description of the coherent amplitude, rendering
it valid only on short timescales. However, due to the
broad and random nature of the electronic excitations
created by the laser, the coherence time is expected to
be very short and we can therefore treat the excitations
at different times as incoherent and independent from
each other.
The dispersion is simulated using the above derived
functional form of the space dependent wave function
in a 1D lattice, u(Rj , k0) = I(Rj)
1/2 · ei(k0·Rj), where
I(Rj) is real valued (a complex value implies a con-
stant phase factor which does not influence the dynam-
ics) and corresponds to the spatial magnon probability
(|u(Rj , k0)|2 = I(Rj),
∑
j I(Rj) = 1). I(Rj) is propor-
tional to (Jsdj )
2 and is hence determined by the random
distribution of atomic species. In k-space this results
in a random distribution of magnon momentum that is
strongly peaked at k0. The simulation is performed by
creating a 1D lattice (1024 lattice sites) with a random
position of Fe, Ni atoms, consistent with their respective
concentrations CFe(Ni). The initial magnon distribution
is given by the parameter p which corresponds to the
probability ratio of initially finding the magnon at an Fe
atom relative to a Ni atom. I(Rj) is then the spatial
distribution of p/(1 + p) (for Fe) and 1/(1 + p) (for Ni),
normalized to unity when summed over the lattice, e.g.
for all Fe and Ni concentrations, p = 1 corresponds to a
homogenous distribution of magnons in the lattice. The
model cannot account for the Cu atoms that have van-
ishing magnetic moment, hence Py and PyCu are treated
equally i.e. Cu atoms are disregarded in the simulations.
The lattice spacing corresponds to the nearest neighbor
distance, where L = 2.475 A˚ has been used for all sam-
ples (bcc Fe, fcc Ni, fcc Py and fcc PyCu).
The dispersion is now achieved by evolving the phase
of each Fourier component of u(Rj , k0) that are de-
scribed by [A(k, k0), P (k, k0)], where A(k, k0) is the k-
dependent magnon amplitude and P (k, k0) is the phase.
The time dependent phase is P (k, k0, t) = ω(k) · t +
P (k, k0), where ω(k) = 2D(1 − cos(k · L))/(~L2) is the
magnon dispersion relation and D is the spin wave stiff-
ness. The k-dependent Gilbert damping is included by
a time dependent amplitude A(k, k0, t) = A(k, k0) · [1 −
Aend(1 − e−
t
τG(k) )]1/2, where 1τG(k) = 2αG · ω(k), αG is
the Gilbert damping parameter and Aend is the frac-
tion of magnons that has damped at long timescales.
At time tn, [A(k, k0, tn), P (k, k0, tn)] is transformed
back to real space, giving the spatial magnon distri-
bution S(Rj , k0, tn) = |u(Rj , k0, tn)|2 of k0 magnons
at time tn. The distribution of magnon momentum,
N(k0), at ultrafast timescales has been approximated
by N(k0) = N
−1
Norm ·
√
ω · BE(ω(k0), 700K) · (1 −
e
−tdis( 1τG(k0)+
1
τL(k0)
)
), following Ref. [49]. Here NNorm
ensures that
∑
k0
N(k0) = 1,
√
ω corresponds to the 3D
magnon density of states and BE(ω(k0), 700K) is the
Bose-Einstein distribution at 700 K. Here we choose a
constant value of tdis to provide a magnon distribution
in the time interval of interest, where we use tdis = 400
fs for investigating the remagnetization and tdis = 100
fs for the study of Ni demagnetization delay in Py and
PyCu. Note that a fixed value of tdis is necessary for
computational speed needed when using this model in a
9fitting procedure. The lifetime of magnons due to Lan-
dau damping, τL(k0), is estimated from Ref. [35] using
the relation τL(k0) =
2~
Γ(k0)
, where Γ(k0) is the lifetime
broadening of high k-magnons. Here an analytical fit
to the experimental data[35] has been used, given by
Γ(k0) = 0.131 · (k0 − kL) eV, where kL = 0.296 A˚−1
corresponds to the smallest value of k0 that is suscep-
tible to Landau scattering. The total spatial magnon
distribution is obtained by summing all the magnons
with different momentum k0, weighted by the distribu-
tion N(k0), i.e. S(Rj , tn) =
∑
k0
S(Rj , k0, tn) · N(k0).
In all simulations we have used 80 k0-points distributed
evenly between −pi/L < k0 < pi/L. From S(Rj , tn)
one extracts SFe(tn) =
∑
j=Fe S(x, tn) and SNi(tn) =∑
j=Ni S(x, tn), which are the probabilities to find the
magnon in the Ni and Fe sublattice, respectively. Note
that for tn > 0, SFe(tn) + SNi(tn) < 1 due to damp-
ing. So far SFe(Ni)(tn) only describes the time evolu-
tion of magnons that were generated at t = 0. How-
ever, the demagnetization of a specific sublattice at time
tn also needs to include magnons that were generated
between tn and t = 0. Due to the identical distribu-
tion and dynamics of magnons generated at different
times, the sublattice magnon occupation at time tn of
a magnon that was generated at time t0, is given by
SFe(Ni)(tn − t0). Therefore, the total StotFe(Ni)(tn) sub-
lattice occupation is given by the weighted sum over all
t0 < tn, i.e. S
tot
Fe(Ni)(tn) =
∫ tn
0
SFe(Ni)(tn − t0) ·R(t0)dt0
The weighting factor, R(t0)dt0, is the number of magnons
generated at time t0 (normalized) and hence R(t) is
the normalized magnon generation rate. The rate is
given by R(t) = [Mendτdem e
(−t/τdem)] ∗ γ(t), where γ(t) is
a gaussian, convoluted due to the temporal width of
the pump-pulse, τdem is the demagnetization time, and
Mend is the normalized amount of demagnetization. The
FWHM of γ was set to 40 fs for Fe, Ni, Py and 100 fs
for PyCu. The normalized asymmetries AFe(Ni), that
are fitted to the experimental data, are then given by
AFe(Ni)(t) = 1 − (1 ± w) · S
tot
Fe(Ni)(t)
CFe(Ni)
, where w is a small
correction for the mismatch in asymmetry between Fe
and Ni at longer timescales (without this correction fac-
tor the model does not support a crossing between Fe
and Ni demagnetization curves which is apparent in Fig.
5a), +w is used for the Ni asymmetry and −w for Fe. For
Py and PyCu, w was set to 0.02 and 0.03, respectively.
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